A biochemical analysis of glycoprotein C (gC) of herpes simplex virus was undertaken to further characterize the structure of the glycoprotein and to determine its disulfide bond arrangement. We used three recombinant forms of gC, gC1(457t), gC1(⌬33-123t), and gC2(426t), each truncated prior to the transmembrane region. The proteins were expressed and secreted by using a baculovirus expression system and have been shown to bind to monoclonal antibodies which recognize discontinuous epitopes and to complement component C3b in a dose-dependent manner. We confirmed the N-terminal residues of each mature protein by Edman degradation and confirmed the internal deletion in gC1(⌬33-123t). The molecular weight and extent of glycosylation of gC1 (457t), gC1(⌬33-123t), and gC2(426t) were determined by treating each protein with endoglycosidases and then subjecting it to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectrometric analysis. Herpes simplex virus (HSV) is an enveloped double-stranded DNA virus which encodes information for at least 11 glycoproteins, 10 of which are found on the virion envelope as well as on the surface of infected mammalian cells (52, 68, 69, 76) . Because of their surface location, HSV glycoproteins act as major antigenic determinants for the cellular and humoral immune responses of the host (25, 48, 54, 61) . In addition, three of the glycoproteins appear to modulate the immune response by interacting with components of the humoral immune system (15). Glycoproteins E and I (gE and gI) function as a complex to bind the Fc portion of immunoglobulin G (4, 5, 16, 19, 28, 37, 38, 58) . gC binds the C3b and iC3b fragments of the third component of human complement (17, 20, 24, 30, 35, 36, 42, 49, 64, 65, 73) . This activity protects the virus from complement-mediated attack (22). Although gE, gI, and gC are not absolutely required for infection in cell culture, gE and gI have been shown to play important roles in pathogenicity and virus spread (12, 15). HSV gC, as well as gC homologs in other herpesviruses, interacts with heparan sulfate proteoglycan, thereby mediating the first step of virus-cell interaction (31, 32, 45, 50, 55, 63, 69, 72) . In addition, gC is rarely absent from clinical isolates (3, 21, 33) , suggesting that gC's role in modulating the complement pathway and/or its role in virus attachment is important for viral pathogenesis in vivo.
Herpes simplex virus (HSV) is an enveloped double-stranded DNA virus which encodes information for at least 11 glycoproteins, 10 of which are found on the virion envelope as well as on the surface of infected mammalian cells (52, 68, 69, 76) . Because of their surface location, HSV glycoproteins act as major antigenic determinants for the cellular and humoral immune responses of the host (25, 48, 54, 61) . In addition, three of the glycoproteins appear to modulate the immune response by interacting with components of the humoral immune system (15) . Glycoproteins E and I (gE and gI) function as a complex to bind the Fc portion of immunoglobulin G (4, 5, 16, 19, 28, 37, 38, 58) . gC binds the C3b and iC3b fragments of the third component of human complement (17, 20, 24, 30, 35, 36, 42, 49, 64, 65, 73) . This activity protects the virus from complement-mediated attack (22) . Although gE, gI, and gC are not absolutely required for infection in cell culture, gE and gI have been shown to play important roles in pathogenicity and virus spread (12, 15) . HSV gC, as well as gC homologs in other herpesviruses, interacts with heparan sulfate proteoglycan, thereby mediating the first step of virus-cell interaction (31, 32, 45, 50, 55, 63, 69, 72) . In addition, gC is rarely absent from clinical isolates (3, 21, 33) , suggesting that gC's role in modulating the complement pathway and/or its role in virus attachment is important for viral pathogenesis in vivo.
The goal of this study was to extend our understanding of gC structure in order to relate that to its various functions. HSV gC1 contains 511 amino acids (aa), of which the first 25 constitute a cleavable signal sequence (23, 40) . The protein has nine consensus sites for N-linked oligosaccharides (N-CHO) (23) as well as numerous O-linked oligosaccharides (O-CHO) (11, 39, 57) . It is unknown if all nine N-CHO sites are utilized. It has been postulated that the O-CHO on gC1 are clustered near the N terminus (11, 57) . gC2 contains 480 aa with seven potential N-CHO sites (14, 71) . Little is known about the location of O-CHO present on gC2, although they have been demonstrated to exist (81) . gC1 and gC2 are most homologous in the carboxy-terminal four-fifths of the protein. The spacing of five of the N-CHO sites and all eight cysteines are completely conserved in gC1 and gC2 from HSV (71) .
Binding of purified gC1 and gC2 to C3b is dependent on protein conformation and maintenance of disulfide bonds (17) , yet little else is known about the folded structure of the pro-tein. In one study, native (nonreduced) gC1 was cleaved with cyanogen bromide (CNBr) and the fragments were separated and identified by sequencing (40) . Cysteines 1 and 2 were found in one CNBr fragment, cysteines 3 and 4 were found in a second, and cysteines 5 through 8 were in a third. No data were presented to show whether any of the cysteines were disulfide bonded. Using the results of this study, we proposed a model consistent with disulfide bonds between Cys-1 (aa 127) and Cys-2 (aa 144) and between Cys-3 (aa 286) and Cys-4 (aa 347) (36) . In addition, we postulated that these disulfide bonds help to stabilize the conformation of the four C3b binding regions (36) and the two major antigenic sites which surround these cysteines (47, 78) . The disulfide bond status of Cys-5 through Cys-8 was not depicted. The region containing these four cysteines does not directly participate in C3b binding, nor is it recognized by a panel of monoclonal antibodies (MAbs) which bind to discontinuous epitopes (36, 78) . However, deletion of this region appears to alter the conformational stability of gC1 (36) . As a primary step in elucidating the conformation of gC, the present study emphasizes the determination of the disulfide bond arrangement.
To carry out these studies, we used truncated forms of gC1 and gC2 which were produced in the baculovirus-insect cell system (gCBac) (67, 72) . This system allows for the production of the required quantities of gC for biochemical analysis. In a previous study (72) , we described the expression and initial characterization of these recombinant proteins. They lack the transmembrane region, thus eliminating the need for solubilizing detergents and simplifying their purification from the culture system. Each truncated form of gC binds both to MAbs which recognize discontinuous epitopes and to C3b. These findings suggest that the respective conformations of the baculovirus-expressed forms of gC are similar to those of their full-length counterparts produced in HSV-infected cells. Thus, as gCBac should have the same disulfide bond arrangement as the wild-type virion protein, we used the recombinant proteins to solve the disulfide bond structure of gC. Our results show that the eight cysteines of gC form four disulfide bonds.
In addition, we obtained information concerning both the N-CHO and O-CHO on gCBac. In the case of gC1Bac, we found that most or all of the consensus sites for addition of N-CHO are modified by an approximately 1,000-Da oligosaccharide and that most of the O-CHO sites are located near the N terminus.
MATERIALS AND METHODS
Production and purification of gC1(457t), gC1(⌬33-123t), and gC2(426t). As described previously (72) , plasmids pCP247 (gC1t), pCP248 (gC1-⌬33-123t), and pCP249 (gC2t), each encoding a truncated form of the gC gene, were recombined into baculovirus (Autographa californica nuclear polyhedrosis virus) by using Baculogold (Pharmingen) as the source of baculovirus DNA (67) . The recombinant proteins were designated gC1(457t), gC1(⌬33-123t), and gC2(426t). Truncated proteins gC1(457t) and gC1(⌬33-123t) were purified from culture supernatants of baculovirus-infected cells by immunoaffinity chromatography (72) . gC2(426t) was purified by heparin chromatography as previously described (72) . These purification methods typically yielded 10 to 15 mg of purified protein per liter of infected cell medium. All experiments were carried out with purified proteins.
Antibodies. Rabbit polyclonal anti-gC sera R46 (17) and R81 (36) were used for detection of gC1 and gC2, respectively, on Western blots (immunoblots). R46 was prepared by immunizing with purified full-length gC1 from HSV, and R81 was prepared by immunizing with purified full-length gC2 from HSV.
Glycosidase treatment and Western blot analysis. Purified glycoproteins were digested with endoglycosidase F/N-glycosidase F (endo F), neuraminidase, and/or O-glycosidase (Boehringer Mannheim). One microgram of purified recombinant gC was incubated with 50 mU of endo F, 50 mU of O-glycosidase, and/or 0.5 mU of neuraminidase for 2 h at 37ЊC in 0.1 M sodium phosphate buffer (pH 7.3). Digests were examined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) under reducing conditions on 8% acrylamide gels as previously described (10, 44) . Proteins were transferred to nitrocellulose and probed first with either an anti-gC1 serum (R46) or an anti-gC2 serum (R81) and then with 125 I-protein A (ICN) (9) . CNBr digestion of gC. Cleavage at methionine residues was achieved by dissolving purified gC in 70% formic acid containing a 340-fold molar excess of CNBr (Pierce) over methionine residues (27) . For example, 20 g of gC was dissolved in 20 l of a 5-mg/mL solution of CNBr in 70% formic acid. After 18 h in the dark at room temperature, maximal digestion was achieved, and samples were diluted 10-fold with water to stop the reaction and dried by evaporation. The final dilution-evaporation step was repeated twice to ensure removal of formic acid for electrophoresis.
Tricine SDS-PAGE analysis. Analysis of the CNBr-generated peptides was carried out with Tricine-SDS-gels (16% acrylamide; EMSCO) according to the method of Schägger and von Jagow (60), a gel system which separates lowmolecular-weight polypeptides.
Carboxyamidomethylation and reduction of CNBr-generated peptides. For reaction with iodoacetamide, typically 10 g of peptide was dissolved in 100 l of 50 mM sodium phosphate buffer (pH 7.8) containing 1 mM EDTA. A twofold molar excess of iodoacetamide (Sigma) over cysteines was added (5.6 l of 1 mM iodoacetamide), and the reaction was carried out in the dark at room temperature for 30 min under argon. To prepare reduced peptides, dithiothreitol (DTT; Sigma) was first added in a 50-fold molar excess over cysteines (2.6 l of 50 mM DTT). Samples were heated for 4 h at 37ЊC under agron. Then, iodoacetamide was added as a twofold molar excess over thiols (5.7 l of 50 mM iodoacetamide). After reaction with iodoacetamide, all samples were quickly frozen and stored at Ϫ80ЊC. Samples were desalted for mass spectrometry by reversed-phase high-pressure liquid chromatography (HPLC).
Enzyme digestion of CNBr-generated peptides. For endoprotease Lys-C (endo Lys-C) digestion, peptide samples were dissolved in 50 mM sodium phosphate buffer (pH 7.8). Endo Lys-C (sequencing grade; Sigma) was added at a 1:20 (wt/wt) enzyme/peptide ratio, and the mixture was heated for 18 h at 37ЊC. Samples were desalted for mass spectrometry by reversed-phase HPLC. For trypsin digestion, the peptide sample was dissolved in 100 mM Tris buffer pH 7.8. L-1-p-tosylamino-2-phenylethyl chloromethyl ketone-treated trypsin (Sigma) was added at a 1:25 (wt/wt) ratio, and the mixture was heated for 24 h at 37ЊC. The digest was purified by reversed-phase HPLC.
Reversed-phase HPLC. For HPLC, nonreduced CNBr peptides were redissolved in 0.1% trifluoroacetic acid and then separated on a 5-m-particle size Vydac C 18 column (4.6 by 250 mm) at 1.5 ml/min with a linear gradient of 5 to 45% acetonitrile (Fisher) in 0.1% trifluoroacetic acid. The system used consisted of two Waters 510 pumps, a WISP 700 auto injector, and a Waters 484 tunable absorbance detector set at 214 nm. The same system was used to desalt and purify enzymatic digests (see above).
Mass spectrometry. To determine the mass of recombinant proteins and peptides, samples were analyzed by mass spectrometry. Matrix-assisted laser desorption ionization mass spectrometry (34) was performed on a Fisons Instruments (Beverly, Mass.) VG TofSpec time-of-flight mass spectrometer (0.6-m flight tube) outfitted with an N 2 (337 nm, 4-nm pulse) laser. The accelerating voltage was set to 20 kV, and the detector voltage was set to 1.5 kV. Positive ion data were collected in the linear mode, and each spectrum was derived from the accumulation of 20 to 50 laser shots. External calibrations were performed with equine cytochrome c. External calibrant data were acquired into sample data. Data were analyzed with Fisons Instruments Opus software. Samples were dissolved in 50 l of 50% acetonitrile containing 0.1% trifluoroacetic acid and diluted before analysis, using either ␣-cyano-4-hydroxycinnamic acid or 2-(4-hydroxyphenylazo)benzoic acid (Aldrich) as the matrix. The use of external calibrants potentially leads to a 0.1 to 0.5% error.
N-terminal sequencing. (i) Samples of gC1(457t), gC1(⌬33-123t), and gC2 (426t) were sequenced by adsorptive or covalent protocols on a Millipore ProSeq 6625 microscale protein/peptide N-terminal sequencer as previously detailed (46) . The peptide fragment containing residues 359 to 419 (generated by successive cleavage with CNBr, endo Lys-C, and trypsin) was isolated by reversephase HPLC and covalently attached to a DITC-Sequelon (Millipore) membrane via the free amino group of the C-terminal lysine, using a previously described protocol (46) . (ii) Other CNBr peptides were separated by SDS-PAGE, electroblotted to a ProBlott membrane (Perkin Elmer/Applied Biosystems), and stained with a 0.2% solution of Ponceau S in 0.1% acetic acid, and N-terminal sequencing was performed with a Perkin-Elmer/Applied Biosystems 473A microsequencer.
RESULTS

N-terminal sequencing of baculovirus-expressed proteins.
The truncated forms of gCBac used in this study are shown in Fig. 1A . The predicted amino acid sequence for the first 15 aa of gC1(457t) is DLETASTGPTITAGA, and that for gC1(⌬33-123t), an N-terminal deletion mutant, it is DLETASTGPV WCDRR. The primary sequence obtained by automated Edman degradation for each protein agrees with the predicted sequence (data not shown) and indicates that the mellitin sig-nal peptide was cleaved in the mature proteins. The first two amino acids of both proteins are DL, which result from cloning gC into pVTBac. In the case of gC1(⌬33-123t), the sequence data also confirmed that the internal deletion begins after residue 9 (P) as expected. For gC2(426t), the observed amino acid sequence for the first 12 residues was DPNASPGRTITV, which agreed with the predicted sequence. The amino acids DP at the N terminus resulted from cloning gC2 into pVTBac. In addition, a serine just prior to the glutamic acid at residue 3 of both proteins was removed as a result of the cloning. Attempts to sequence gC2 purified from HSV-infected cells failed because of a blocked N terminus (unpublished data). In the case of gC2 from the baculovirus expression system, it is unknown if the asparagine was not blocked because the protein was made in insect cells or because insertion of DP prior to the asparagine circumvented the blocked residue. This is the first time that the N terminus of gC2 protein has been sequenced.
Molecular mass and carbohydrate analysis of gCBac. To examine the sizes of the glycoproteins and probe the extent of glycosylation, gC1(457t), gC1(⌬33-123t), and gC2(426t) were treated with glycosidases and analyzed by SDS-PAGE and mass spectrometry. Figure 1B shows a Western blot analysis of the three proteins either untreated or treated with endo F, neuraminidase, and/or O-glycosidase. In addition, each of the proteins was separated by SDS-PAGE and stained for protein ( Fig. 1C to E ). In the case of gC1(457t), Western blot analysis showed that the untreated protein contained a major band migrating at approximately 90,000 Da and a minor band at approximately 60,000 Da (Fig. 1B , upper panel, lane 1). On the protein-stained gel (Fig. 1C) , no band is seen at 60,000 Da, indicating that while this species reacts with anti-gC antibody, it represents an insignificant proportion of the purified protein sample. In the case of untreated gC1(⌬33-123t), only one band was seen on both the Western blot (Fig. 1B , middle panel, lane 1) and the protein-stained gel (Fig. 1D ). For untreated gC2 (426t), the Western blot also contains two bands (Fig. 1B , lower panel, lane 1), but only one major band was seen (at 64,000 Da) on the protein-stained gel (Fig. 1E ), again indicating that the faster-migrating species on the Western blot represents an insignificant proportion of the purified protein sample.
Endo F treatment increased the mobility of each protein (Fig. 1B, lanes 2 ), indicating the presence of N-CHO. Neuraminidase treatment (lanes 3), however, had no effect on mobility, indicating the absence of sialic residues on truncated gC. Neuraminidase followed by O-glycosidase treatment (lanes 4) slightly increased the mobility of gC1(457t) but had no effect on gC1(⌬33-123t) or gC2(426t). These results indicate that gC1(457t) contains O-CHO, but none were detected in gC1 (⌬33-123t) or gC2(426t). The data suggest that O-CHO are localized at the N terminus of gC1.
Mass spectrometry was used to determine the accurate molecular mass of each protein ( Fig. 2 ; Table 1 ). The masses of gC1(457t), gC1(⌬33-123t), and gC2(426t) determined by mass spectrometry were much closer to the formula masses based on the amino acid sequences than those calculated from SDS-PAGE (Table 1 ). The 90-kDa form of gC1 had an anomalously slow mobility by SDS-PAGE, which has previously been ascribed to the high content of carbohydrate and proline (23) . By mass spectrometry, only one peak (58,000 Da) was detected for gC1(457t), and the mass was 11,000 Da higher than the polypeptide formula mass. Most of this difference is accounted for by N-CHO, since treatment with endo F reduced the observed mass by 8, 200 Da. The remainder is in part due to O-CHO, as determined from the finding that O-glycosidase increased the mobility of gC1(457t) on a denaturing gel. The broad peaks for gC1(457t) ( Fig. 2A) are probably caused by heterogeneity of the carbohydrates.
The mass of gC1(⌬33-123t) was determined by mass spectrometry to be 42,500 Da, and its polypeptide formula mass is 38,300 Da. When gC1(⌬33-123t), which has four potential (23, 71) has been replaced with that of the honeybee mellitin signal. As a result of cloning, cleavage at the mellitin signal leaves two additional amino acids on the N terminus of gC, aspartic acid (D) and leucine (L) in gC1 constructs and aspartic acid and proline (P) in gC2. The consensus sites for N-CHO are shown as balloons. Both forms of gC1 were truncated at residue 457, and gC2 was truncated at residue 426. (B) Western blot analysis showing the effects of carbohydrate-modifying enzymes on each of the purified gC proteins. Each Western blot corresponds to the protein diagrammed to its left. Lanes: 1, untreated proteins; 2, proteins treated with endo F to remove N-linked glycans; 3, proteins treated with neuraminidase to remove sialic acid; 4, proteins treated with neuraminidase followed by O-glycosidase to remove O-linked glycans; 5, proteins treated with endo F followed by neuraminidase followed by O-glycosidase. Results similar to those in lanes 4 were observed upon O-glycosidase treatment alone (not shown). Polyclonal antibody R46 was used to detect gC1(457t) and gC1(⌬33-123t), and R81 was used to detect gC2(426t). (C to E) SDS-PAGE analysis of gC1(457t) (C), gC1(⌬33-123t) (D), and gC2(426t) (E). Purified glycoproteins were electrophoresed on 10% acrylamide gels and stained with Coomassie blue (C and D) or silver (E).
VOL. 70, 1996 DISULFIDE BONDS OF HSV gC 5457 N-CHO sites, was treated with endo F, mass spectrometric analysis of the digest (Fig. 2B ) revealed three peaks. The mass of peak 1 was the same as the polypeptide formula mass ( Table  1 ), indicating that all N-CHO were removed. Peaks 1, 2, and 3 differed from each other in mass by approximately 1,000 Da.
Assuming that each N-CHO on gC1(⌬33-123t) has an approximate mass of 1,000 Da, then the difference in each case is due to a single N-CHO. The untreated protein was approximately 4,000 Da larger than peak 1 of the endo F digest. This experiment suggests that each of the four potential sites is used and that virtually all of the secondary modifications on gC1(⌬33-123t) are N-CHO. Since treatment of gC1(457t) with endo F reduced the mass by 8,200 Da, and assuming that each N-CHO on gC1(457t) has a mass of approximately 1,000 Da, the endo F data suggest that eight or all nine N-CHO sites on gC1(457t) are used. In the case of gC2(426t), the observed mass from the mass spectrometric analysis was approximately 7,000 Da larger than the polypeptide formula mass (Table 1) . Since no mass spectrometric signal was obtained from the endo F-treated protein, we were unable to estimate how much of this difference could be attributed to the N-CHO present on gC2(426t).
Strategy for cleavage of gC for further analysis. Our next goal was to cleave the protein between cysteines, separate the fragments, and compare them under nonreducing and reducing conditions to identify which contain disulfide bonds. CNBr cleaves between several of the cysteines of gC1 (Fig. 3) and generates a limited number of large fragments (40) . Only three of these fragments, CNBr-1, CNBr-7, and CNBr-9, contain cysteine. For gC1(⌬33-123t), CNBr-1 is missing residues 33 to 123, including five of the potential N-CHO. However, this fragment does contain the first two cysteines.
CNBr cleavage of gC under nonreducing and reducing conditions. CNBr digests of purified gC1(457t) and gC1(⌬33-123t) were electrophoresed on an SDS-tricine-16% acrylamide gel (Fig. 4A) . Lane 1 shows the control intact gC1(457t). Lanes 2 and 3 show gC1(457t) after treatment with CNBr in formic acid. When the sample was electrophoresed under nonreducing conditions (lane 2), four major bands, labeled A to D (approximate sizes are 40,000, 22,000, 12,000, and 6,000 Da), were Fig. 2 . A similar experiment using endo F was performed with gC2(426t). However, no signal was detected by mass spectrometry following endo F treatment of the protein.
d Determined as the difference between the mass of the untreated protein (from mass spectrometry) and the mass of endo F-treated protein (from mass spectrometry). ND, not determined.
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detected. When the sample was separated under reducing conditions (lane 3), there was no change in mobility of any of the four bands; thus, none of the peptides in the four bands are connected by disulfide bonds. Similar results were obtained for gC2(426t) (data not shown).
Treatment of gC1(⌬33-123t) with CNBr ( Fig. 4A ) resulted in three gel bands under both reducing (lane 4) and nonreducing (lane 5) conditions. The three bands correspond in size to bands B, C, and D of gC1(457t) in lanes 2 and 3. Band A was missing from the CNBr digest of gC1(⌬33-123t), suggesting that it corresponds to the N-terminal region of gC1(457t), i.e., CNBr-1. The data also suggest that Cys-1 and Cys-2, which are present in this fragment of gC1(457t), are not disulfide bonded to any other cysteines.
To identify the cysteine-containing peptides, the CNBr fragments of gC1(457t) obtained under nonreducing conditions were transferred to a polyvinylidene difluoride membrane and the N-terminal amino acids were sequenced. Sequences were obtained for three of the four bands. In this experiment, there was insufficient material to sequence band B. The residues identified are indicated by filled circles in Fig. 4B . Band A contained CNBr-1, which includes Cys-1 and Cys-2. Thus, the sequence data confirm the SDS-PAGE data which showed that digested gC1(⌬33-123t) was missing this band. Band C contained two N termini corresponding to CNBr-7, which contains Cys-3 and Cys-4, and CNBr-3 (no cysteines [Fig. 4B]) . Band D contained CNBr-9, the C-terminal portion of gC which contains Cys-5 through Cys-8. Since bands, A, C, and D accounted for all eight cysteines, we did not pursue the identity of band B any further. We speculate that it represents a partial CNBr digest of gC1(457t).
These results show that the three cysteine-containing peptides are in separate bands and that none of the cysteine-containing fragments are disulfide bonded to each other. These findings confirm those of Kikuchi et al. (40) , providing additional evidence that the structure of gC produced in insect cells (gCBac) is the same as that of gC expressed in mammalian cells.
N-CHO content of gC. gC1 has nine consensus N-CHO sites. Generation and identification of the CNBr fragments allowed us to obtain some information about which N-CHO sites are utilized. CNBr-1 has six N-CHO consensus sites, CNBr-3 has two sites, and CNBr-8 has one site (Fig. 3) . Following CNBr cleavage, gC1(457t) and gC1(⌬33-123t) were treated with endo F and analyzed by SDS-PAGE (Fig. 5) . In the case of gC1 Separation of CNBr fragments of gC1(457t) by HPLC. Reversed-phase HPLC was used to obtain the Cys-containing fragments of gC1(457t) in the absence of SDS (data not shown). Analysis of the individual HPLC peaks by SDS-PAGE (data not shown) confirmed that CNBr-1, CNBr-7, and CNBr-9 were separated by HPLC, allowing us to collect enough of these cysteine-containing fragments for further disulfide bond analysis.
Disulfide bond analysis of CNBr-7. Fragment CNBr-7 contains Cys-3 and Cys-4. SDS-PAGE showed (Fig. 4 ) that these cysteines are not disulfide bonded to any other cysteines in gC. To determine if Cys-3 is bonded to Cys-4, the isolated peptide was reacted with iodoacetamide, which adds only to cysteines that are not in a disulfide bond. The strategy was to use mass spectrometry to accurately detect the shift in peptide mass due to the addition of iodoacetamide to cysteine (i.e., a mass shift assay). Thus, if Cys-3 is not disulfide bonded by Cys-4, each free thiol should react with iodoacetamide and cause the mass 3) and gC1(⌬33-123t) (lanes 4 to 6) were first cleaved with CNBr and then treated with endo F and analyzed on an SDS-tricine-16% acrylamide gel under nonreducing conditions. The gel was stained with Coomassie blue. Lanes: 1 and 4, untreated protein; 2 and 5, proteins were cleaved with CNBr; 3 and 6, proteins were cleaved with CNBr, and the cleaved fragments were then treated with endo F; 7, endo F alone (no gC).
VOL. 70, 1996 DISULFIDE BONDS OF HSV gC 5459 of the peptide to increase by 116 Da, from 8,024 to 8,140 Da. If Cys-3 is disulfide bonded to Cys-4, then the mass of CNBr-7 should remain the same upon treatment with iodoacetamide. As a control, CNBr-7 was first reacted with DTT to force reduction of any disulfide bond, and then iodoacetamide was added to produce the expected increase in mass. Untreated CNBr-7 exhibited a sharp peak in the mass spectrum, with an observed mass of 8,013 Da (Fig. 6A ). After treatment with iodoacetamide, the mass of CNBr-7 remained the same (Fig. 6B) , indicating that no free thiols were present. We conclude that Cys-3 is disulfide bonded to Cys-4. In the control experiment, in which CNBr-7 was treated with DTT and then with iodoacetamide (Fig. 6C) , the observed mass was 8,137 Da, confirming that the method was sensitive enough to detect the carboxyamidomethylation of free thiols. Theoretical masses for this experiment are given in the legend to Fig. 6 .
Disulfide bond analysis of CNBr-1. A similar approach was attempted with CNBr-1 of gC1(457t), which contains Cys-1 and Cys-2. The fragment was isolated by HPLC and analyzed by mass spectrometry. The mass spectrum contained a very weak, very broad peak with an approximate mass of 19,000 Da (data not shown). The broadness and poor quality of the ion signal were probably due to the heterogeneity and extent of glycosylation in the glycopeptide. This fragment contains N-CHO (Fig. 5, lane 3) and probably contains a number of O-CHO (Fig. 1) . In an attempt to sharpen the signal, the peptide was treated with endo F to remove the N-CHO. The endoglycosidase-treated peptide still displayed a very broad peak. The low quality of the ion signal for this fragment precluded a mass spectrometric approach in this case.
To enable a mass spectrometric approach for this region, we used CNBr-1 obtained from the N-terminal deletion mutant, gC1(⌬33-123t). This mutant form of gC is predicted to have the same disulfide bond structure as gC1(457t) because it recognizes MAbs to discontinuous epitopes and binds to complement component C3b as does gC1(457t) (72) . CNBr-1 of gC1 (⌬33-123t) contains both Cys-1 and Cys-2 but is missing five of the six N-CHO consensus sites which are present in CNBr-1 of gC1(457t). Reversed-phase HPLC was used to isolate this fragment from other CNBr fragments of gC1(⌬33-123t) (data not shown). This fragment comigrated with CNBr-9 on a denaturing gel as seen previously (Fig. 5, lane 5) , and its mobility increased with endo F treatment as in Fig. 5, lane 6 . N-terminal sequencing of the fragment confirmed its identity (data not shown). CNBr-1 of gC1(⌬33-123t) had a stronger and sharper mass spectral signal (Fig. 6D ) than did CNBr-1 from gC1(457t) because of the lower oligosaccharide content. As expected, the mass of this peptide was larger (by 1,000 Da) than the mass predicted by the sum of the amino acid masses alone (Fig. 6,  legend) because of the presence of the N-CHO. Reaction of CNBr-1 with iodoacetamide did not increase the mass of the fragment (Fig. 6E) ; therefore, cysteine 1 is disulfide bonded to cysteine 2. In the control experiment, CNBr-1 was first treated with DTT prior to reaction with iodoacetamide (Fig. 6F) . The fragment showed the expected increase in mass.
Disulfide bond analysis of Cys-5 through Cys-8. Fragment CNBr-9 contains four cysteines, and so reaction with iodoacetamide was carried out to determine how many disulfide bonds are present in this peptide ( Table 2, iodoacetamide would be added to the fragment, increasing the mass from 8,977 to 9,209 Da. If it contained one disulfide bond, two molecules of iodoacetamide would be added; if two disulfide bonds were present, there would be no change in mass.
Since there was no change in the mass of the fragment upon reaction with iodoacetamide ( Table 2 , experiment 1), we conclude that the fragment contains two disulfide bonds. The control sample which was reduced prior to carboxyamidomethylation showed the expected increase in mass. There are three ways in which the two disulfide bonds in CNBr-9 could be arranged. One possibility is that Cys-5 is linked to Cys-6 and Cys-7 is linked to Cys-8. If this were the case, cleavage of CNBr-9 between Cys-6 and Cys-7 with endo Lys-C would yield two smaller peptides (Fig. 7B) . We cleaved CNBr-9 with endo Lys-C and measured the mass of the untreated and treated fragments (Table 2, experiment 2). As a control to ensure that the enzyme was cleaving at the predicted site, CNBr-9 was reacted with endo Lys-C, and then DTT was added to force reduction of the disulfide bonds. Finally, iodoacetamide was added to make the reduction irreversible. As expected, cleavage occurred, since two peptides having the predicted masses were detected (Table 2, experiment 2). However, treatment of CNBr-9 with endo Lys-C under nonreducing conditions yielded only one fragment which had the same mass as the untreated fragment. The fact that the two peptides remained disulfide linked indicates that Cys-5 is not disulfide bonded to Cys-6. Therefore, the disulfide pattern must be either Cys-5 to Cys-7 and Cys-6 to Cys-8 or vice versa. To distinguish between these two possibilities, the ideal method would be to use a protease that cleaved between each cysteine. However, there are only three amino acids between Cys-5 and Cys-6, and none of these are substrates for specific proteases that are readily available. Therefore, we used a less direct approach employing Edman degradation.
The endo Lys-C digest of CNBr-9 was isolated by HPLC and then further digested with trypsin (Fig. 7C ). This fragment was repurified by HPLC (data not shown). The resulting fragment was predicted to consist of three sequences, peptides A, B, and C, connected by two disulfide bonds arranged according to either model I or model II in Fig. 7C . The fragment was covalently linked to a DITC-Sequelon membrane through the C-terminal lysine's (aa 410) free amino group in peptide B and subjected to automated Edman degradation. As the sequencing proceeded, we expected to see three N termini. As sequencing progressed past cycle 4 (Cys-5), we expected one of the sequences to drop out, as a result of release of the peptide from the membrane. For example, if Cys-5 were disulfide FIG. 7 . Proteolysis of CNBr-9. (A) Sequence of fragment CNBr-9 containing cysteines 5 through 8. Endo Lys-C and trypsin cleavage sites are indicated by open and filled arrows, respectively. In panels B and C, models I and II represent two possible disulfide bond arrangements of Cys-5 through Cys-8. CNBr-9 was cleaved first with endo Lys-C at residue 410 (B) and then with trypsin at residues 378, 428, and 443 (C). The disulfide-bonded fragment (aa 383 to 443) generated by trypsin cleavage (C) contains peptides A, B, and C as shown. This fragment was covalently attached to a membrane via the lysine residue (K, aa 410), and N-terminal sequencing identified the residues indicated by filled circles. VOL. 70, 1996 DISULFIDE BONDS OF HSV gC 5461 bonded to Cys-7 and Cys-6 were disulfide bonded to Cys-8 (model I), then sequence C would drop out after cycle 4. If the disulfide pattern were Cys-5-Cys-8 and Cys-6-Cys-7 (model II), then sequence A would drop after cycle 4. The sequencing data showed that peptides A, B, and C were all present in the first four cycles of degradation, indicated by filled circles in Fig.  7C . The presence of phenylthiohydantoin-derived dehydroserine in cycle 4 is consistent with a cysteine in peptide B. The expected residues from peptide C were also present in cycles 5 through 8, consistent with model II. In contrast, residues from peptide A were absent in cycles 5 and 6, indicating that this peptide had dropped out, consistent with model II. Residues from peptide B were present in cycles 6 to 12, indicating that this peptide remained attached to the membrane for at least 12 cycles. In cycles 7 to 11, several extraneous residues which could not be accounted for were present. However, on the basis of the data for cycles 1 to 6, we believe that model II (Cys-5 to Cys-8 and Cys-6 to Cys-7) is the most likely disulfide bond arrangement for these four cysteines. The overall disulfide bond arrangement of gC1 is shown in Fig. 8 .
DISCUSSION
Several functions have been attributed to HSV gC. First, gC mediates the initial interaction between virus and cells (69) . Second, gC's interaction with complement component C3b plays an important role in modulation of the immune response against HSV (22, 30, 49) . Finally, the protein is a major inducer of both humoral and cellular immunity, and immunization of animals with gC affords some protection against a lethal virus challenge (62) . The functions of gC are conformation dependent. Disulfide bonds are essential for the stability of many proteins (75) and occur frequently in membrane-bound proteins with significant ectodomains (13), e.g., HSV gD (46) , and also in secreted proteins. However, until this study, little was known about the disulfide bond arrangement of HSV gC or other gC homologs (40) .
Disulfide bond arrangement of gC. Chemical modification of cysteine residues followed by mass spectrometric analysis has recently been used to identify disulfide bonds (2, 51, 80) . Herein we provide evidence that the eight cysteine residues in gC1 form four disulfide bonds. The disulfide bond arrangement is cysteine 1 (aa 127) to cysteine 2 (aa 144), cysteine 3 (aa 286) to cysteine 4 (aa 347), cysteine 5 (aa 386) to cysteine 8 (aa 442), and cysteine 6 (aa 390) to cysteine 7 (aa 419). These disulfide pairs have been incorporated into a structural model of gC (Fig. 8) . The first two disulfide bonds produce loops between adjacent cysteines within the C3b binding domain (36) . The last two disulfide bonds result in an extended loop which may stabilize the carboxy terminus. Thus, the assignment of disulfide bonds in gC1 allows us to construct a more accurate model of the folded structure. We postulate that the same arrangement of disulfide bonds is present in gC2, given (i) the fact that the number and spacing of cysteine residues are completely conserved between the two proteins and (ii) our observation that the CNBr cleavage pattern of gC2 is similar to that of gC1 (data not shown).
Domains of gC. Several laboratories, including our own, have set out to define the structural domains of HSV gC involved in its function(s). Towards this end, mutagenesis techniques have been used to construct and study the properties of mutant forms of gC. Glorioso and coworkers (47, 78) utilized MAbs to generate MAb-resistant (mar) mutants. They showed that the amino acids changes in those mutants cluster into two distinct antigenic sites on gC1 which are in the central portion of the protein (purple regions in Fig. 8 ).
We used linker insertion mutagenesis to identify four noncontiguous regions, I to IV (Fig. 8) , within the central domain of gC1 which are important for C3b binding (36) . Three of these regions correspond to similar regions in gC2 (64) . We also showed that the interaction between gC and C3b is highly dependent on the proper conformational structure of gC (17, 36) . Assignment of the disulfide bond structure allows us to explain some of our data on C3b binding. The disulfide bond between Cys-1 and Cys-2 produces a loop which forms C3b binding region I (Fig. 8) . While C3b binding regions II and III are separated by 46 aa, they are held in close proximity by the disulfide bond between cysteine 3 and cysteine 4 and so may act together to bind C3b. The first two disulfide bonds are critical for maintaining the structure of the C3b binding domain, since mutagenesis of either Cys-2 or Cys-4 to serine produces proteins which no longer bind to C3b (36) . These Cys mutants also failed to recognize some MAbs which bind to discontinuous epitopes on gC, a further indication that these disulfide bonds are important in maintaining the native, functional conformation of gC. Also, a previous study (21) showed that a mar mutant of gC with an additional cysteine inserted between Cys-1 and Cys-2 did not bind C3b. Insertion of a cysteine in the C3b binding site formed by a loop between Cys-1 and Cys-2 probably disrupted the binding site, perhaps by scrambling the disulfide bonds.
Previous reports have shown that the N-terminal region of gC (prior to Cys-1) is important for efficient attachment to cells (72) . In addition, the ability of gC1 to interfere with properdin binding to C3b was mapped to the N terminus of gC1 (35) . This interference is postulated to be the reason for the down regulation of the complement cascade by gC (35) .
While no function has been associated with the region of gC containing Cys-5 through Cys-8, this region is important in maintaining the native, functional conformation of the protein. gC which lacks this region binds less well to C3b than the wild-type protein, and a virus mutant containing this deletion cannot be neutralized by MAbs to gC (35) . In addition, the spacing of cysteines 5 through 8 is completely conserved among the alphaherpesviruses (18) .
Disulfide bond structure of gC homologs. Fitzpatrick et al. (18) aligned gC sequences of seven alphaherpesviruses (1, 6, 41, 59, 71) reported up to that time and noted that 51 of the 65 residues (78%) conserved in all seven sequences were in the carboxy-terminal half of the proteins. The alignment showed that this region of each gC homolog contained six invariant cysteines around which were clustered other conserved residues. Fitzpatrick et al. (18) noted that this pattern of conservation suggests that the gC homologs from all alphaherpesviruses have the same disulfide bond arrangement for the six cysteines corresponding to Cys-3 through Cys-8 of HSV gC. According to their alignment, Cys-1 and Cys-2 of the gC homologs from equine herpesvirus 1, varicella-zoster virus, and Marek's disease virus do not align with Cys-1 and Cys-2 of gC from HSV. However, we note that the number of amino acids between Cys-1 and Cys-2 is the same in these homologs as in HSV gC. Thus, we propose that three of the disulfide bonds are arranged identically in the ectodomain of these homologs and that the disulfide bond between Cys-1 and Cys-2 is also present but displaced. However, the gC homolog from bovine herpesvirus 1 has an additional cysteine near the N terminus. The effect of this Cys on the disulfide bond pattern of this protein is unknown. Clearly, biochemical analysis is needed to verify our predictions.
N-CHO of gC. gC1 from HSV-infected cells contains Nlinked glycans (8) which are proposed to be predominately diand triantennary complex N-CHO (66). However, little was known about which of the nine potential N-CHO sites are occupied. We constructed gC1 and gC2 mutants which lack the final N-CHO consensus site and showed that this site is normally occupied in gC1 (aa 362) and gC2 (aa 331) (36) . Endo F treatment of CNBr-1 and CNBr-3 of gC1(457t) indicates that one or more N-CHO sites on each of these fragments are occupied (Fig. 5) . In addition, we showed that the potential N-CHO site at residue 148 is occupied, since endo F treatment of the first CNBr fragment of gC1(⌬33-123t), which contains only one N-CHO consensus site, increased the mobility of the fragment on SDS-PAGE (Fig. 5, lane 6) . Moreover, the mass spectrometric data indicate that at least eight of the nine N-CHO consensus sites on gC1(457t) are utilized. If an N-CHO site on gC1(457t) is unoccupied, it must be within the N-terminal region, since all of the N-CHO consensus sites on gC1(⌬33-123t) are used. Our data also indicate that the N-CHO on gC1Bac are approximately 1,000 Da, a size consistent with N-glycosidically linked oligosaccharide structures reported for insect cells (26, 43, 53, 77) . The N-linked glycans on proteins produced in insect cells are commonly shorter and less complex than those produced in mammalian cells (7, 26, 43, 70, 79) .
O-CHO of gC. Our data allow speculation about the contribution of O-CHO to the structure of gC produced in insect cells. The mass of endo F-treated gC1(457t) (49,800 Da [ Table  1 ]) minus the formula mass of the protein from the amino acid sequence (47,222 Da) yields a mass of 2,600 Da contributed by other posttranslational modifications. O-Glycosidase treatment indicated that O-CHO are present on gC1(457t) but not on gC1(⌬33-123t). Thus, most or all of the O-CHO are located within residues 33 to 123 of gC1(457t). This finding agrees well with studies which proposed that most of the O-CHO on gC1 produced in mammalian cells are clustered in the N-terminal region (11, 56) .
Previous studies identified the structures GalNAc (203 Da) and Gal-GalNAc (365 Da) present in insect cell produced O-CHO (74, 77) , where GalNAc is N-acetylgalactosamine and Gal is galactose. Considering that the O-CHO on gC1(457t) contribute a maximum of 2,600 Da, we speculate that 7 to 13 O-CHO are present on gC1(457t).
Recently, Hansen et al. (29) developed an artificial neural network algorithm to recognize the pattern of O-CHO sites on mucin-type mammalian glycoproteins based on primary sequence alone. This method predicts 29 O-CHO sites for gC1 from HSV (Fig. 8) . Our data suggest that no more that 13 of these sites are actually occupied in gC1(457t) produced by insect cells. In addition, 83% percent of the predicted O-CHO sites for gC1 are in the first 25% of the sequence. This observation agrees with the fact that we detected no O-CHO on gC1 (⌬33-123t). It is also consistent with studies of gC1 from HSVinfected mammalian cells (11, 56) . The number of O-CHO predicted, coupled with their clustered locations in the aminoterminal portion of gC, supports the idea that this region of gC1 has a mucin-like structure (11, 39, 56, 72) .
gC2 from HSV-infected cells contains O-linked oligosaccharides (81), although none were detected on gC2Bac. The neural network predicts only 11 occupied O-CHO sites for gC2, and only 36% of these are located prior to the first cysteine. Thus, gC2 may not possess the mucin-like domain of gC1. This difference may account for some of the differences in the biological properties of the two proteins. For, example, gC1 but not gC2 inhibits the binding of properdin to C3b (35) . This VOL. 70, 1996 DISULFIDE BONDS OF HSV gC 5463 function has been mapped to the N-terminal region of gC1 (35) , and the proteins have only 30% amino acid homology in this region (71) . The assignment of disulfide bonds in gC allows us to construct more accurate models of its tertiary structure. Further structural analysis of gC awaits solution of the three-dimensional structure by X-ray crystallography. Efforts are under way in our laboratory to crystallize gCBac. The color drawing of gC was prepared by Denise Hansen of Graphicae, Inc., Philadelphia, Pa. We thank Lynn Spruce and Yang Wang for excellent technical assistance.
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